Reconstitution of G-protein-coupled receptor activated cation channels into the lipid bilayer was attempted with plasma membrane vesicles prepared from guinea-pig ileal smooth muscle using the purification technique previously applied to the large conductance Ca 2+ -dependent and ATP-sensitive K + channels (Toro et al., 1990) . Under Na + -rich conditions, incorporation of plasma membrane vesicles into the bilayer produced GTPγS (100 µM)-activatable channel activities that are inhibited by GDPβS (1 mM), sensitive to Ca 2+ and enhanced by depolarization. The reversal potential and unitary conductance (tens of picosiemens) of these channels varied in a manner dependent on Na + concentration, but not affected by Cl -. These results strongly indicate that the reconstituted channels activated by GTPγS belong to a class of voltage-dependent, Ca 2+ -sensitive cationselective channels that are activated through a G-protein, and correspond most likely to the muscarinic receptor-activated cation channels previously identified in the same preparation. These results also suggest potential usefulness of bilayer incorporation technique to investigate the receptor-operated cation channels in smooth muscle.
Introduction
Stimulation of metabotropic receptors in smooth muscle such as the muscarinic, histaminergic, α1-adrenergic, purinergic and several peptidergic receptors often causes the opening of both highly and less Ca 2+ -permeable cation channels in the plasma membrane (receptor-operated cation channels; ROCCs; Benham et al., 1985; Inoue et al., 1987; Inoue and Isenberg, 1990a-c; Vogalis and Sanders, 1990; Xiong et al., 1991; Komori et al., 1992; Inoue and Kuriyama, 1993; Lee et al., 1995; Yamada et al., 1996; Heliwell and Large, 1997; Wang et al., 1997; Kim et al., 1995 Kim et al., , 1998a Kim et al., , 1998b Wang and Sims, 1998; Iwamuro et al., 1999) . The major function of these channels is thought to promote the transmembrane Ca 2+ entry into the cell via
Correspondence to: R. Inoue, Department of Pharmacology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan Phone: voltage-sensitive and -insensitive pathways, thereby enhancing spontaneous and tonic contractions in various types of smooth muscles (Carl et al., 1996; Kuriyama et al., 1998; Kotlikoff et al., 1999; Miwa et al., 1999) . Although activation of smooth muscle ROCCs appears to be mediated by activation of G-proteins and/or subsequent generation of second messengers (Inoue and Isenberg, 1990a; Zholos and Bolton, 1994; Heliwell and Large, 1997; Wang et al., 1997; Kim et al., 1998b) , no direct confirmation for this speculation at a single channel level has yet been provided. This is due mainly to a very low channel density and rapid disappearance of channel activities upon patch membrane excision, which hamper a sufficiently long and stable channel recordings to analyze the effects of substances of concern under cell-free conditions. One possible approach to circumventing these limitations is to use patch membranes in larger dimensions (i.e. macro-patches; Hilgemann, 1995) . This method has an advantage of preserving relatively intact the subcellular architecture of excised membranes, allowing longer maintenance of rundown-prone channel and transporter activities in some muscular and nonmuscular tissues (Johnson and Byerly, 1993; Paloletti and Ascher, 1994; Hilgemann, 1997 ).
An alternative approach is to incorporate biochemically enriched native plasma membrane vesicles into the artificial lipid bilayer to yield functional channels (Labarca and Latorre, 1992; Williams, 1995) . This has already been achieved for a number of plasmalemmal channels (Ca 2+ -dependent K + , ATP-sensitive K + and voltage-dependent Na + and Ca 2+ channels), where in some cases, regulatory molecules associated with the channel proteins such as receptors and Gproteins were also retained to be functional (Imoto et al., 1988; Toro et al., 1990; Toro and Stefani, 1991; Labarca and Latorre, 1992; Kapica et al., 1994; Ottolia and Toro, 1996) . In this study, we have attempted to reconstitute smooth muscle ROCCs by adopting the latter approach. To this end, we have chosen the ileal smooth muscle as a source of plasma membrane vesicles, because in this tissue, relatively abundant presence of cation channels activated via the muscarinic receptor/pertusis toxin-sensitive G-protein pathway has been reported (Inoue and Isenberg, 1990a; Komori et al., 1992; Zholos and Bolton, 1994) .
Materials and Methods

Preparation of plasma membrane vesicles
The procedures used for preparing plasma membrane vesicles followed essentially the protocol described elsewhere (Toro et al., 1990; Toro and Stefani, 1991) , and all procedures used were carried out according to the Guidelines for the Animal Experiment approved by a local ethical committee in Kyushu University, Graduate School of Medical Sciences. In brief, male guinea pigs weighing 500-1000 g were stunned and decapitated with a guillotine. After opening the abdominal cavity, segments of ileum (ca. 10 cm long) were excised out, from which thin sheets of longitudinal layers were quickly peeled off by fingers. After thorough rising in modified Krebs solution, the muscle sheets were transferred into ice-cold isotonic sucrose solution supplemented with protease inhibitors (100 µM phenylmethylsulfonylfluoride, 1 µM pepstatin A, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 µM p-aminobenzamidine), minced into small pieces by fine scissors, and homogenized (Polytron PT1200, KINEMATICA, Littau/ Luzern) in an ice bucket. To obtain crude fractions containing plasma membrane vesicles, the homogenate was first centrifuged at 700 g for 30 min, and then only the supernatant was recentrifuged consecutively at 14000 g for 40 min and at 9500 g for 20 min. After the first centrifugation, the pellet was re-homogenized in the isotonic sucrose solution with protease inhibitors, and centrifuged in the above three steps to obtain another crude fraction. To further purify, the pellet was re-homogenized in hypertonic KCl solution 1 and ultra-centrifuged at 33000 g for 1 h. The resulting pellet resuspended in a 10% (w/w) sucrose-added hypertonic KCl solution 2 was ultracentrifuged (Hitachi, himac CP90α) at 67500 g for overnight (about 15 h) in a swing rotor (RPS40T), across the sucrose gradient of 20:25:30:35:40% (w/w). The sediments appearing at each interface of sucrose gradient were diluted 3 times in 1 mM Na-PIPES solution (pH 6.8), and centrifuged at 42000 g for 1 h. Finally, the pellets were resuspended in a 100 µl of hypertonic sucrose-salt solution and stored at -80°C after frozen in liquid nitrogen until use.
The final protein concentration of resulting membrane fractions was determined according to the method of Lowry. At this stage, to remove excessive lipids, ultracentrifugation was performed in a sucrose gradient of 20:50% (w/w).
Composition of solutions used in this study was as follows (mM) 
SDS-PAGE
Membrane fractions obtained from each sucrose gradient interface were subjected to a standard SDS/PAGE gel (7.5%), and separated proteins were visualized by staining with Coomasie blue.
Lipid bilayer formation and incorporation of membrane vesicles
Stock solutions of phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylcholine (PC) dissolved in chloroform (10 mg/ml; stored at -80°C) were mixed in a volume ratio of 12.5, 5.0 and 7.5 µl, respectively, and evaporated thoroughly under a stream of nitrogen. This was then dispersed into a 20 µl n-decane and vortexed, and used for a whole day. Bilayers were made by drawing a quantity of phospholipid dispersion with a painting stick across the 200 µm aperture of a polystyrene cuvette which separated the two bilayer chambers (BHC-22, Warner Instrument) previously filled with recording electrolyte solutions. Thinning of bilayer was monitored by a capacitance increase with continuous triangular voltages (-20 -+20 mV). Incorporation of channel proteins was made using a painting stick by directly adding an aliquot of membrane vesicles to the cis side of the bilayer (Toro and Stefani, 1991) . The osmolarity of electrolyte solution at the cis side was kept higher than that at the trans side (usually 250 vs. 50 mM KCl or NaCl) to facilitate the fusion of membrane vesicles to the bilayer. Changing Na + concentrations and administrating drugs were achieved by simply adding 1000 times-condensed stock solutions into the chambers which were stirred until equilibrated.
Data acquisition and analysis
A commercial patch clamp amplifier with a high capacitance compensation facility (EPC8, List Electronics, Germany) was used to control the voltage across bilayer chambers, and voltages were applied at the cis side with the ground at the trans side via the Ag-AgCl agar. Capacitance compensation and low-pass filtering at 100 Hz was routinely employed to reduce the background noise arising inevitably from a high capacitance of lipid bilayer membrane. Application of voltages, sampling of current signals, and analysis of obtained data were performed using a commercial software package pClamp v.6.03 in conjunction with an A/D, D/ A converter (DigiData1200, Axon Instruments).
Composition of recording solutions used were as follows (mM); 250-, 50-or 5-Na + (or K + )
solution: 250, 50 or 5 NaCl (or KCl), 2 EGTA, 2 MgATP, 10 MOPS, pH 7.4. To obtain pCa of 7.0, CaCl2 of 0.5, 1.1 and 1.6mM was added to 250-, 50-, and 5-Na + solutions, respectively.
Chemicals
GTPγS and GDPβS were purchased from Calbiochem; tetraethylammonium, EGTA, PS, PE, PC, pepstatin, aprotinin, leupeptin and p-aminobenzamidine from Sigma.
Statistics
All data are expressed as mean ± sem.
Results
Fig . 1 shows the SDS-PAGE profile of membrane fractions from guinea-pig ileal longitudinal muscle obtained by the five-step discontinuous sucrose gradients. The fraction most enriched with proteins was obtained from the third interface (I3; 25/30%) of sucrose gradients (protein concentration: 5.4 mg/ml). In contrast, the protein content of fractions obtained from the other interfaces (10/20, 20/25, 30/35 and 35/40%) were much lower and less than 0.15 mg/ml. These results indicate that the present purification procedures enriched membrane proteins into one fraction, as previously described for other types of smooth muscle (Toro et al., 1990; Toro and Stefani, 1991) . To confirm whether the obtained membrane fraction (I3) includes functional channel proteins derived from the plasma membrane, we explored the activity of large conductance Ca 2+ -dependent K + channels (BKCa) which are known to abundantly exist in a wide range of smooth muscles including the present preparation (Carl et al., 1996; Kuriyama et al., 1998) . As demonstrated in Fig. 2A (top trace), after incorporation into the lipid bilayer, outward deflections with an amplitude of >5 pA at 0 mV appeared with the trans/cis K + gradient of 50/250 mM (pCa=7.0). These deflections changed in frequency depending on the voltage gradient across the bilayer (not shown), and diminished almost completely, when Ca 2+ concentration was reduced by adding 10 mM EGTA. Addition of 1 mM tetraethylammonium (at the trans side in this case) greatly inhibited the amplitude of outward deflections (second trace in Fig. 2A ).
These properties are consistent with those of BKCa, indicating that plasma membrane vesicles containing BKCa were successfully incorporated into the bilayer. We also tested the other membrane fractions (I1, 2, 4 and 5, R1-5 in Fig. 1 ), but none of them showed any detectable BKCa activities. The success rate of BKCa incorporation was high (12 out of 18 trials), indicative of sufficient enrichment of plasma membrane vesicles by the present technique. Although, in principle, the insertion of channel protein into the bilayer could occur in a random orientation, the majority of our trials to incorporate BKCa, judging from its voltage-dependence, resulted in the internal side of channel protein facing at the cis side (11 out of 12 cases). These results suggest that the most of plasma membrane vesicles prepared in this study were oriented insideout (see also Toro and Stefani, 1991) . When Na + , instead of K + , was used as the electrolyte at both sides of the bilayer, no channellike activities were observed (left trace in Fig. 2B ). However, addition of 100 µM GTPγS, which permanently activates endogenous G-proteins, to the either side of the bilayer (mostly to the cis side), produced long-lasting inward openings at -40 mV (right trace in Fig. 2B ). The amplitude histogram constructed from these openings indicates that they sojourn at the mean level of ~1.1 pA from the baseline (Fig. 2C) . Although severe low-pass filtering hampered the precise evaluation of kinetics, these openings appeared to consist of long burstic and short interrupting openings therein of the order of milisecond, thus suggesting that GTPγS induced channel activities. Activation of channel openings by GTPγS was virtually abolished, in the simultaneous concentrations at both side of chamber are kept at 100 nM (pCa=7.0). B; actual records of GTPγS activated single channel activities before (left trace) and after (right trace) addition of GTPγS (100 µM) to the cis chamber at -40 mV with the trans/cis gradient of 50/250 mM Na + . C; amplitude histogram (dots) constructed for channel activities shown in the right panel of B, and its best fit with a sum (solid curve) of two Gaussian distributions (dashed curves) by non-linear least square routine. Arrows indicate the peaks of the two Gaussians, the right and left representing the closed (baseline; C) and open (O) levels, respectively. D; cumulative charge (integral of single channel current flow over the time) is plotted against the time elapsed, under three different conditions (pCa=7.0, pCa>8.0, pCa=7.0 + 1 mM GDPβS). GTPγS (100 µM) was added at the arrow. presence of 1 mM GDPβS or when Ca 2+ concentrations at both sides of the bilayer were kept very low with a high concentration of EGTA (10 mM; calculated pCa>8.0; Fig. 2D ). These observations suggest that activation of these channels occur through a G-protein and requires a certain level of Ca 2+ concentration.
To further investigate the biophysical characteristics of GTPγS-induced channel activities,
we next evaluated their current-voltage (I-V) relationships by applying slow repetitive ramp voltages. Since no activation of ionic currents was caused by extracellularly applied GTP or GTPγS in intact guinea-pig ileal muscle cells (R. Inoue, unpublished data), we assumed in the following that the side at which GTPγS effectively induces channel openings is myoplasmic (but this was almost always the cis side). Fig. 3B and C indicate net currents evoked in response to a ramp voltage (-80 -80 mV; Fig. 3A) , with the Na + gradient of 50/250 mM, in the absence and presence of GTPγS. The leak-subtracted current (C-B) which represents the I-V relationship of GTPγS-induced channel current indicates that two levels of openings occur reversing the polarity near -30 mV (dotted lines in Fig. 3D ). (Fig. 4B) . The open probability (NPo) of GTPγS-induced channels increased about more than two-fold by depolarization from -80 to 40 mV (Fig. 4C) , suggesting that the channel activity is positively dependent on the membrane potential. The reversal potential of GTPγS-induced channels depended on Na + . As graphically summarized in Fig. 5A (see also Fig. 4B ), the reversal potential changed by 24.8 mV for a 10-fold change in Na + concentration, whereas it was not appreciably affected by varying the Cl -concentration (data not shown). These results strongly indicate that the GTPγS-activated channels preferentially permeate Na + . The unitary conductance of these channels was also dependent on Na + and exhibited a property of saturable ion conductive pore. As shown in Fig.   5B , the relationship between the unitary conductance and Na + concentration followed the Michaelis-Menten type equation with a Km value of 9.5 mM and maximal conductance of 78.6 pS.
Discussion
The results of the present study have clearly demonstrated that, at least for some types of smooth muscle ROCCs, incorporation of plasma membrane vesicles into artificial lipid bilayer is a useful technique to investigate their activities. The observed characteristics of reconstituted GTPγS-activatable channels showed considerable similarity to native ROCCs activated by the muscarinic receptor stimulation in the same preparation. Firstly, they are likely activated through a G-protein, since a poorly hydrolyzable analogue of GTP, GTPγS, directly activated them, and this was counteracted by the inactive GTP analogue, GDPβS (cf. Inoue and Isenberg, 1990a; Komori et al., 1992; Zholos and Bolton, 1994) . Secondly, the channel activation was positively dependent on the membrane potential and Ca 2+ -sensitive, since the channel activity was enhanced by depolarization and abolished when Ca 2+ was rigorously buffered (cf. Inoue and Isenberg, 1990b and c) . Thirdly, the reversal potential (Erev) and unitary conductance of these channels varied as the function of Na + concentration regardless of Cl -. The observed negative shift in Erev and decrease in unitary conductance upon decrease in Na + concentration (Fig. 5A and B) are comparable to those of whole-cell and single muscarinic receptor-activated cation currents (see e.g., Fig. 4 in Inoue et al., 1987; Fig. 3C in Inoue et al., 1998) . These properties of GTPγS-activated channels indicate that they belong to a class of G-protein-activated, cation- + dependence of GTPγS-activated channels. A; relationship between the reversal potential (Erev) of GTPγS-activated channel and Na + concentration. The solid line is the best logarithmic fit of data points (the results shown in the inset). The Erev was determined as the membrane potential at which the averaged I-V (see e.g. Fig. 4B ) crosses the voltage axis in each experiment. Note that Erev appears unequal to zero even under the symmetrical Na + gradient (i.e. 250/250 mM), for an unspecified reason. B; relationship between the unitary conductance of GTPγS-activated channel and Na + concentration. The unitary conductance was evaluated from ramp traces as shown in Fig. 3D where the levels of channel openings are clearly distinguishable at both sides of Erev. For an extremely asymmetrical trans/cis Na + gradient of 5/250 mM, some outward rectification of single ramp current was evident. We therefore evaluated the unitary conductance of GTPγS-activated channel in the potential range of Erev ± 20 mV, under these ionic conditions. The solid curve is the result of nonlinear fitting with (Kuriyama et al., 1998) . Recording of single ROCC activities activated by metabotropic receptors in smooth muscle has long been a matter of annoyance because of their rundown-prone nature. For example, unfeasibility of ROCC recording under cell-free conditions has frequently been encountered in several different types of smooth muscle (e.g., Inoue et al., 1987; Helliwell and Large, 1998) . This may be partly attributable to requirement of appropriate phosphorylation, cytoskeletal scaffoldings and membrane-delimited second messengers for maintaining these channel activities (Inoue et al., 1994; Heliwell and Large, 1997; Kim et al., 1995; Aromolaran et al., 2000; Inoue and Ito, 2000) . The extremely low channel density is another limitation that hampers reproducible ROCC recordings even in the cell-attached configuration; e.g., in guinea-pig ileal myocytes, the density of cation channels activated by the muscarinic receptor stimulation has been estimated to be as low as 0.004-0.012 per µm 2 (Inoue et al., 1987) . Thus, the information about smooth muscle ROCCs obtained so far has derived mostly from experiments based on an unusual recording configuration, i.e., the 'high input resistance' whole-cell configuration combined with a low concentration of agonist or desensitization of receptor (Inoue et al., 1987; Vogalis and Sanders, 1990; Wang et al., 1993; Kim et al., 1998a) . The 'macro-' or 'giant' patches could be a possible alternate and have been successfully applied to the Na + /Ca 2+ exchanger, Na + /K + pump, L-type Ca 2+ channel, ATP-sensitive K + channel, and Ca 2+ -activated Cl -channels in other tissues, which are also susceptible to disruption of cytoskeleton and/or loss of high energy phosphates and membrane-delimited phospholipids (Johnson and Byerly, 1993; Hilgemann, 1997) . However, single smooth muscle cells have an extremely thin spindle-shaped geometry (typically 50-100 µm long and 5-10 µm wide), thus not suited for applying macropatch pipettes whose tip diameter exceeds 10 µm (Hilgemann, 1995) . In this regard, the lipid bilayer incorporation of native plasma membrane vesicles may be the most promising technique available at present to investigate single ROCCs, and this is supported by the present results. This technique may allow us, if appropriate conditions determined, to prepare plasma membrane vesicles retaining not only the ROCC and G-proteins, but also the receptor linked thereto and perhaps the downstream biochemical effectors (e.g., Toro, 1990) , and to investigate the more detailed mechanism for ROCC regulation at a single channel level, thus deserving
further efforts of refinement in the future.
